Introduction {#Sec1}
============

Neuroblastoma (NB) is the second most common pediatric solid malignant tumor derived from the sympathetic nervous system. The overall prognosis of patients with NB has markedly improved; however, unlike many childhood malignancies for which survival has been improved by recent therapies, high-risk NB is still one of the most difficult tumors to cure, with only 40% of patients achieving long-term survival despite intensive multimodal therapy \[[@CR1]\].

Multiple genetic abnormalities, such as aneuploidy, chromosomal gains (extra copies of 17q) and losses (allelic loss of 1p and/or 11q), amplification of chromosomal material (*MYCN*), specific mutations in *ALK* and *ATRX*, and recurrent genomic rearrangements affecting the chromosomal region at 5p15.33 proximal to the telomerase reverse transcriptase gene (*TERT*), appear to reflect the different clinical entities and have led to the better stratification of patients in therapy for NB \[[@CR2]--[@CR4]\]. Furthermore, epigenetic alterations have been shown to have an impact on NB tumorigenesis and aggressiveness, e.g., *CASP8* \[[@CR5], [@CR6]\] promoter methylation and the CpG island methylator phenotype (CIMP) \[[@CR7], [@CR8]\].

We previously reported that MYCN-induced BMI1 positively regulates NB cell proliferation via the transcriptional suppression of tumor suppressors in NB cells \[[@CR9]\]. These findings were supported by the subsequent study by Blasberg's group showing a consistent positive correlation between *BMI1* and *MYCN* expression in *MYCN*-amplified NBs \[[@CR10]\]. EZH2 is a PcG member protein and H3K27 methylation is catalyzed by the SET domain of EZH2 and requires the presence of two additional proteins, embryonic ectoderm development (EED) and suppressor of zeste 12 (SUZ12). These proteins comprise the core components of polycomb repressive complex 2 (PRC2) \[[@CR11]\]. The expression of *EZH2* is upregulated in several cancers including prostate cancer, breast cancer, bladder, gastric, lung, and hepatocellular carcinomas \[[@CR12], [@CR13]\]. Functional EZH2 mutations have not been detected in NB \[[@CR14]\]. The EZH2-mediated differentiation suppression and epigenetic regulation of *CASZ1* was previously reported \[[@CR15]\]. The canonical oncogenic function of EZH2 is dependent on the epigenetic silencing of tumor-suppressor genes by H3K27 methylation. However, several recent studies showed some additional functions of EZH2, such as the transcriptional activation of target genes, e.g., beta-catenin/TCF and NF-kB pathways \[[@CR16], [@CR17]\], and the methylation of non-histone proteins, e.g., STAT3 methylation in prostate cancer cells \[[@CR18]\] and GATA4 methylation in fetal hearts \[[@CR19]\]. Advances have recently been achieved in the development of EZH2 inhibitors. 3-Deazaneplanocin A hydrochloride (DZnep) is an inhibitor of *S*-adenosyl methionine-dependent methyltransferase, which targets the degradation of EZH2 and decreases PRC2 protein levels \[[@CR20]\]. GSK126, a potent, highly selective, *S*-adenosyl-methionine-competitive, small-molecule inhibitor of EZH2 methyltransferase activity, decreases global H3K27me3 levels, and reactivates silenced PRC2 target genes \[[@CR21], [@CR22]\]. EPZ6438 is one of the most potent EZH2 inhibitors described to date and possesses significantly improved pharmacokinetic properties, including good oral bioavailability in animals \[[@CR23]\].

In the present study, we demonstrated that the high expression of *EZH2* correlated with the poor prognosis of NB patients. The depletion of EZH2 by lentivirus shRNAs significantly induced neuronal differentiation. The results of an expression microarray study indicated that *NTRK1* is one of the EZH2-mediated epigenetic silencing targets in NB cells and regulates the EZH2-dependent undifferentiated status of NB. The complex transcriptional regulation of *NTRK1* by epigenomic changes in NB cells was analyzed in detail using NB cell lines and clinical samples. The epigenomic molecular mechanisms responsible for the suppression of *NTRK1* in unfavorable NB were also clarified.

Results {#Sec2}
=======

Knockdown of EZH2 promoted NB cell differentiation {#Sec3}
--------------------------------------------------

We performed a Kaplan--Meier survival analysis using data in the R2: Genomics Analysis and Visualization Platform (<http://r2.amc.nl>). The results obtained suggested that the high expression of *EZH2* correlated with the unfavorable outcomes of NB patients (Supplementary Table [S1](#MOESM6){ref-type="media"}) and our previous findings indicated roles for PcGs in NB tumorigenesis and aggressiveness \[[@CR9]\]. These results prompted us to examine the effects of EZH2 on NB cell biology and investigate the molecular mechanisms responsible for strong EZH2 expression-related phenotypes. We analyzed the expression of EZH2, BMI1, and RING1B in NB cell lines and found that *MYCN*-amplified cell lines possessed abundant amounts of the EZH2 protein and also that *EZH2* mRNA levels were related to protein levels (Supplementary Figure [S1](#MOESM2){ref-type="media"}). Furthermore, the *EZH2* mRNA level was higher in the *MYCN*-amplified NB tumors than in the *MYCN* not-amplified tumors. These results prompted us to deplete EZH2 in NB-39-nu cells because they have high EZH2 mRNA/protein levels and several NB aggressiveness-related phenotypes \[[@CR24], [@CR25]\]. Additionally, we examined NB-differentiation-related gene expression and neurite extension in parental NB cell lines, as well as shRNA-infected NB-39-nu, NGP, SK-N-DZ, and TGW cells. We did not observe a significant difference in differentiation markers (*GAP43*, expression/neurite extension) between the parental NB cell lines and the mock-infected cells (Supplementary Figure [S2](#MOESM3){ref-type="media"}); therefore, we used shCont- and shEZH2-transduced cells for the experiments.

The knockdown of EZH2 by lentivirus-mediated shEZH2 transduction in NB-39-nu cells strongly promoted neurite extension, and was coupled with the upregulated expression of the neuronal cell differentiation markers, *GAP43* and *NF68* (Fig. [1a, b, d](#Fig1){ref-type="fig"}). In accordance with the depletion of EZH2, the H3K27 tri-methylation signal was markedly decreased (Fig. [1c](#Fig1){ref-type="fig"}).Fig. 1Knockdown of EZH2 promotes neurite extension and induces neuronal markers. Results are representative of at least three independent experiments. **a** Images of EZH2 KD NB-39-nu cells under a contrast microscope. NB-39-nu cells were infected with the shCont- or shEZH2-lentivirus, as described in the Materials and Methods. Images were obtained 8 days after infection. **b** The percentages of neurite-extending cells in shCont- or shEZH2-expressing lentivirus-infected cells were counted 8 and 11 days after infection. Neurite extension was analyzed as described in the Materials and Methods. Error bars represent the standard deviation obtained with triplicate samples. **c** EZH2 and H3K27me3 levels were assessed using western blotting. After the infection with the shCont- or shEZH2-lentivirus, cells were collected on days 3 and 4 and subjected to a western blotting analysis. **d** The upregulation of the neuronal markers *GAP43* and *NF68* was confirmed by RT-PCR. **e** Tumor development in BALB/c AJcl nu/nu mice following the injection of NB-39-nu cells stably infected with shRNA against the control (shCont) or EZH2 (shEZH2-1). Tumor volumes were measured every 4 days. Data are presented as the mean ± SE of tumors in four mice

To evaluate tumorigenicity in vivo, EZH2-depleted NB-39-nu cells were injected subcutaneously into the backs of nude mice. EZH2 shRNA-infected cells (shEZH2-1) formed significantly smaller tumors than mock shRNA-infected cells (shCont, Fig. [1e](#Fig1){ref-type="fig"}).

Transcriptome analysis for EZH2-depleted cells {#Sec4}
----------------------------------------------

In order to elucidate the effects of the suppression of EZH2 on genome-wide gene expression profiles, we performed a transcriptome analysis using microarrays. Eighty-four upregulated genes (Supplementary Table [S2](#MOESM7){ref-type="media"}) and 27 downregulated genes (Supplementary Table [S3](#MOESM8){ref-type="media"}) were selected by the criteria described in the Materials and Methods (moderate *t*-test *p* \< 0.05, fold change (FC) \> 2.0) (Fig. [2a](#Fig2){ref-type="fig"}). Since EZH2 functions as a transcription suppressor mediating H3K27me3 modifications, the depression of EZH2 may result in the upregulated expression of its target genes. Therefore, we characterized upregulated genes using a pathway analysis (GeneSpring GX). The pathway analysis against the Wiki Pathway database \[[@CR26]\] showed that several neuron-associated pathways such as "Spinal cord injury (WP1449 79963)" and "Regulation of the toll-like receptor signaling pathway (WP1449 81172)" as well as the cancer-related pathway "Integrated pancreatic cancer pathway (WP2377 71288)" were highly enriched in the selected upregulated genes (Fig. [2c](#Fig2){ref-type="fig"}). In addition, apoptosis-related pathways including "Extrinsic Pathway for Apoptosis", "Ligand-dependent caspase activation", and "Apoptosis Modulations by HSP70" were significantly enriched. Among these genes, we focused on *NTRK1*. NTRK1, a member of the neurotrophic tyrosine kinase receptor family, binds to nerve growth factor (NGF) to promote sensory neural differentiation and has been identified as a favorable clinical factor for NB. *NTRK1* was the only overlapped gene when the 84 top-ranking upregulated genes were compared to previously reported "significantly higher expression in favorable NB" genes \[[@CR27], [@CR28]\] (Fig. [2b](#Fig2){ref-type="fig"}). Figure [2d--f](#Fig2){ref-type="fig"} show the confirmation of *NTRK1* and several other upregulated genes in apoptosis-related/allograft rejection/integrated pancreatic cancer pathways by semi-quantitative and quantitative RT-PCR experiments. Previous studies indicated that there are the *NTRK1* transcript variants 1/2/3 and alternative *NTRK1* splice variant TrkAIII. TrkAIII has the deletion of exons 6, 7, and 9, and promoted tumorigenic NB cell behavior in vitro and in vivo (Supplementary Figure [S3](#MOESM4){ref-type="media"}) \[[@CR29]\]. Therefore, in order to detect the expression of *NTRK1* in NB cells, we designed forward and reverse primers in exons 11 and 13, respectively (Supplementary Figure [S3](#MOESM4){ref-type="media"} and Supplementary Table [S4](#MOESM9){ref-type="media"}). These primers amplify *NTRK1* transcript variants 1--3 (Fig. [2e](#Fig2){ref-type="fig"}) and TrkAIII. The probe for *NTRK1* transcripts in the Agilent Expression microarray was located on *NTRK1* exons 12/13 (Supplementary Figure [S3](#MOESM4){ref-type="media"}, A_24_P265506). We transduced *NTRK1* cDNA (TrkAII, NM_001012331 with exons 6--7 and without exon 9) into NIH-3T3 cells as a control in the western blotting analysis using a monoclonal rabbit anti-NTRK1 antibody (clone 14G6) and detected ≈130- and 100-kDa signals. Since this antibody is produced by immunizing animals with a synthetic peptide surrounding Arg220 in exon 6, *NTRK1* variants 1--3 were recognized. The depletion of EZH2 markedly increased these NTRK1 proteins (≈130 and 100 kDa, Fig. [2g](#Fig2){ref-type="fig"}) in NB cells, suggesting that *NTRK1* variants 1--3 were induced by the depletion of EZH2 in NB cells (Fig. [2e, f](#Fig2){ref-type="fig"}). We examined NTRK1 de-repression in vivo using the xenograft tumors (Fig. [1e](#Fig1){ref-type="fig"}). The results of immunostaining for NTRK1 are shown along with the representative histology of NB-39-nu/shEZH2-1-treated tumors and NB-39-nu/shCont-treated tumors in Fig. [2h](#Fig2){ref-type="fig"}. Cells with an enlarged cytoplasm were observed in the EZH2 knockdown cells. NTRK1 expression was higher in the NB-39-nu/shEZH2-treated tumors than in the NB-39-nu/shCont-treated tumors.Fig. 2EZH2 depletion induces *NTRK1*. NB-39-nu cells were infected with shEZH2-1 or shEZH2-2 lentiviruses as indicated in the Materials and Methods. Total RNAs were extracted 8 or 11 days after infection when neurite extension was evaluated. Results are representative of at least three independent experiments. **a** Summary for the transcriptome analysis in the volcano plot. We compared average gene expression levels between mock sample groups and EZH2 KD sample groups 8 and 11 days after infection. The threshold was set for *p*-values in the *t*-test (\<0.05 after Benjamin--Hochberg corrections, *y*-axis) and fold changes (\>2 in absolute fold changes, *x*-axis). **b** Genes upregulated by more than two-fold (*p* \< 0.05) in EZH2 knocked down (by both shEZH2-1 and shEZH2-2) NB-39-nu cells were selected from samples on days 8 and 11 (84 genes in Supplementary Table [S2](#MOESM7){ref-type="media"}, green dots in Fig. 2a positive fold changes). Venn diagram of the overlap among the upregulated genes in EZH2 KD samples, prognosis-related genes reported by Vermeulen et al. \[[@CR27]\], and those reported by Ohira et al. \[[@CR28]\]. *NTRK1* was included in all data. **c** Results of a pathway analysis by GeneSpring GX 13.1 for genes upregulated by more than two-fold (*p* \< 0.05) in EZH2 knocked down cells (by shEZH2-1 and shEZH2-2). Red indicates the pathway including *NTRK1*. **d** A heatmap generated from microarray data indicates the upregulation of some representative genes, which were involved in the top pathways in **c**. **e** The expression of genes indicated in **d** was confirmed by semi-quantitative RT-PCR. **f** qPCR analysis of *NTRK1*. **g** NTRK1 induction by EZH2 KD was confirmed by WB. **h** In the NB-39-nu/shEZH2-1-treated tumors (Fig. [1e](#Fig1){ref-type="fig"}), NTRK1-positive cells were distributed throughout the tumor tissue both as single cells and in clusters, while scattered NTRK1-positive cells were seen in the NB-39-nu/shCont-treated tumors

When we examined the effects of EZH2 KD on other *MYCN*-amplified NB cell lines, similar NB cell differentiation was observed; the depletion of EZH2 effectively induced neurite extension and *NTRK1* de-repression along with the de-repression of the other differentiation-related molecules, *GAP43* and *RARB* (Fig. [3a--d](#Fig3){ref-type="fig"}), suggesting that EZH2 is one of the key regulator molecules in NB cell differentiation and *NTRK1* is a common EZH2 target in *MYCN*-amplified NB cell lines.Fig. 3EZH2 depletion promotes differentiation and induces NTRK1 in NB cells. shEZH2-1 was introduced into NGP, SK-N-DZ, and TGW NB cells by a lentivirus system and total RNA collection/assessment of neurite extension were performed 5 (SK-N-DZ and TGW) or 8 (NGP) days after infection. The results are representative of at least three independent experiments. **a** NB cell differentiation-related gene expression was assessed by RT-PCR. **b** qPCR analysis of *NTRK1*. **c**, **d** Neurite extension was assessed by microscopy. The percentages of neurite-extending cells were counted. Data are presented as the mean ± s.d. from at least three independent experiments

EZH2 methylase inhibitors induced NB cell differentiation {#Sec5}
---------------------------------------------------------

In order to clarify whether EZH2 small-molecule inhibitors exert similar effects to EZH2 KD, we treated NB cells with two kinds of EZH2 inhibitors: EPZ6438 (Epizyme, Cambridge, MA, USA) \[[@CR30]\] and GSK126 \[[@CR21]\], which obstruct EZH2 H3K27 methylation activity without affecting the expression of *EZH2* (Fig. [4a](#Fig4){ref-type="fig"}). The treatment with EZH2 inhibitors also induced the transcription of *NTRK1* in NB cells lines (Fig. [4b, c](#Fig4){ref-type="fig"}, and Supplementary Figure [S4](#MOESM5){ref-type="media"}) and we successfully detected ≈130- and 100-kDa NTRK1 proteins in EZH2 inhibitor-treated cells (Fig. [4d](#Fig4){ref-type="fig"}). We found that the effects of the treatments with EZH2 inhibitor EPZ6438 on the induction of neurite extension in NB cells were not as strong as those of EZH2 KD (Fig. [4e, f](#Fig4){ref-type="fig"}), suggesting that the role of EZH2 in NB cell de-differentiation was not fully dependent on its methylase activity. Importantly, NGFbeta treatment increased the effect of EPZ6438 on NB cell differentiation, suggesting the functional role of the induced NTRK1 by EZH2 inhibition (Fig. [4e--g](#Fig4){ref-type="fig"}).Fig. 4Treatments with EZH2 inhibitors induce *NTRK1* expression. NB-39-nu cells were treated with mock (0.1% (v/v) of DMSO), EPZ6438 (1 μM), or GSK126 (1 μM) for 4 days. Results are representative of at least three independent experiments. **a** Western blotting for H3K27me3 and EZH2 was performed using EPZ6438- or GSK126-treated cells. **b**, **c** *NTRK1/GAPDH* mRNA levels were assessed by semi-quantitative RT-PCR (**b**) and qPCR (**c**). **d** Western blots for NTRK1 in EZH2 inhibitor-treated NB-39-nu cells. **e**--**g** Photos (**e**) of and percentages (**f**) of neurite-extending NB-39-nu cells treated with EZH2 inhibitor EPZ6438 and/or NGF. Cells were treated with 1 μM of EPZ6438 for 2 days and cultured for 3 more days after the addition of NGFbeta (Sigma^®^,100 ng/ml). Neurite extension was assessed as indicated in Methods and *GAP43* expression was studied by semi-quantitative RT-PCR (**g**)

NTRK1 contributes to EZH2-regulated NB cell differentiation {#Sec6}
-----------------------------------------------------------

Since NTRK1 is known for its function in inducing neuronal cell differentiation and assuming that EZH2 represses some favorable prognostic factors to promote the progression of NB, we studied that NTRK1 plays an important role in the EZH2-dependent NB cell differentiation pathway (Fig. [5a, b](#Fig5){ref-type="fig"}). In order to establish whether NTRK1 contributes to EZH2-regulated NB cell differentiation, we used small interfering RNAs to suppress the expression of *NTRK1* in EZH2 KD NB cells (Fig. [5a, b](#Fig5){ref-type="fig"}). The knockdown of NTRK1 significantly suppressed EZH2 KD-induced NB cell neurite extension (Fig. [5c](#Fig5){ref-type="fig"}). Furthermore, we analyzed the effects of NGF on the EZH2 KD NB cells, and found that neurite extension and *GAP43* expression were increased in the EZH2 KD/NGF-treated NB cells (Fig. [5d](#Fig5){ref-type="fig"}). These results demonstrated that NTRK1 contributes to EZH2-regulated NB cell differentiation.Fig. 5EZH2 KD-induced neurite extension is canceled by the depletion of NTRK1. **a**, **b** NB-39-nu cells were infected with a mock- or shEZH2-1-expressing lentivirus 2 and 3 days after *NTRK1* siRNA transfection. *EZH2* and *NTRK1* expression was assessed by semi-quantitative RT-PCR (**a**) and qPCR (**b**). **c** Images of EZH2 and/or NTRK1 knockdown NB-39-nu cells. The percentages of neurite-extending cells were counted. Data are presented as the mean ± s.d. from at least three independent experiments. **d** Photos of and percentages of neurite-extending NB-39-nu cells treated with shEZH2 lentivirus and/or NGF. Cells were infected with shEZH2 lentivirus, cultured for 2 days, and cultured for 3 more days after the addition of NGFbeta (100 ng/ml). Neurite extension was assessed as described in Methods, and *NTRK1* expression was analyzed by semi-quantitative RT-PCR

*NTRK1* transcription is regulated by the PRC2 member EZH2 and/or DNA methylation {#Sec7}
---------------------------------------------------------------------------------

Although EZH2 is known for its function in gene silencing by its histone 3 lysine 27 (H3K27) tri-methylation activity, it currently remains unclear whether *NTRK1* transcription is regulated by EZH2 through the H3K27 tri-methylation of the promoter regions. We reviewed the *NTRK1* genome map and putative promoter regions. There were several alternative transcripts of *NTRK1* (Supplementary Figure [S3](#MOESM4){ref-type="media"} and Fig. [6a](#Fig6){ref-type="fig"}); *NTRK1* transcript variants 1, 2, and 3 were NM_001012331.1, NM_002529.3, and NM_001007792.1, respectively (Fig. [6a](#Fig6){ref-type="fig"}). The transcription of *NTRK1* transcript variants 1 and 2 was regulated by the P1 promoter region (Fig. [6a](#Fig6){ref-type="fig"}). A combination of primer extension and RNase protection assays was used to identify the transcription-initiating region in NB cells upstream of the P1 promoter region. P1 promoter activity was confirmed by luciferase assays and the relevant *cis*-elements identified within the 1 kb proximal 5′-flanking region \[[@CR31], [@CR32]\].Fig. 6Complex epigenetic regulation of *NTRK1* promoters by EZH2 and/or DNA methylation. **a** The positions of *NTRK1* variants were displayed in the UCSC genome browser (Human GRCh38/hg38, <https://genome.ucsc.edu>). ChIP qPCR site positions in the two promoters of *NTRK1*, Promoter 1 (P1) and Promoter 2 (P2). **b** qChIP assay for EZH2 in *NTRK1* P1 and P2 promoters in NB-39-nu cells. Immunoprecipitation was performed by an anti-EZH2 antibody and control rabbit IgG. Primer locations are indicated in the diagrams in **a**. Primer sequences are shown in Supplementary Table [S4](#MOESM9){ref-type="media"}. Results are presented as fold enrichment and are representative of at least three independent experiments. **c** qChIP assay for H3K27me3 in *NTRK1* P1 and P2 promoters in mock- and EZH2 knocked down NB-39-nu cells by the shEZH2-1 lentivirus. Immunoprecipitation was performed by an anti-H3K27me3 antibody and control rabbit IgG. **d** qChIP assay for H3K27me3 and EZH2 in the *NTRK1* P1 core promoter region in mock- and EPZ6438-treated NB-39-nu cells. Immunoprecipitation was performed with an anti-EZH2 antibody, an anti-H3K27me3 antibody, and control rabbit IgG. **e** RT-PCR for *NTRK1* variants 1/2 and 3 in EZH2 knockdown NB cells. **f** Bisulfite-sequence analysis of *NTRK1* P1 and P2 promoters. Red and gray asterisks indicate methylated and unmethylated CpG sites, respectively. CpG methylase-treated DNA was used as a positive control. **g** RT-PCR for *NTRK1* variants 1/2 and 3 in 5 aza-dC (5 μM)-treated NB cells

Quantitative ChIP (qChIP) assay results showed that EZH2 specifically bound to the P1 promoter region of *NTRK1*, but not to the *GAPDH* control gene in NB-39-nu cells (Fig. [6b](#Fig6){ref-type="fig"}). The H3K27me3 mark at the *NTRK1* P1 promoter region was significantly decreased by EZH2 KD (Fig. [6c](#Fig6){ref-type="fig"}). In contrast, EZH2 binding to the *NTRK1* putative P2 promoter region was not clear and the H3K27me3 mark was not as obvious as that in the P1 promoter region (Fig. [6b,c](#Fig6){ref-type="fig"}). After EZH2 methylase inhibitor treatment, we examined H3K27me3 and EZH2 marks by qChIP analysis at the *NTRK1* P1 core promoter region (Fig. [6d](#Fig6){ref-type="fig"}), and found that H3K27me3 marks were significantly reduced by the EZH2 methylase inhibitor. However, EZH2 marks were detected even after the inhibitor treatment, suggesting that methylase activity-inhibited EZH2 still binds to the *NTRK1* promoter region and may be involved in the inhibition of *NTRK1* transcription. Concordantly, EZH2 KD successfully induced *NTRK1* transcript variants 1/2, but not 3 (Fig. [6e](#Fig6){ref-type="fig"}). These results strongly suggest that EZH2 directly regulates the transcription of *NTRK1* by binding to its P1 promoter region in NB cells. In order to analyze the epigenetic status of the *NTRK1* P1 and P2 promoter regions in more detail, we examined the DNA methylation status of the *NTRK1* P1 and P2 promoter regions using the bisulfite sequencing method (Fig. [6f](#Fig6){ref-type="fig"}), indicating that the P1 promoter was fully de-methylated and the P2 promoter was completely methylated in NB-39-nu cells. In accordance with the genome methylation status, the 5-aza deoxycytidine treatment induced the *NTRK1* variant 3 transcript, but not the variant 1 or 2 transcript (Fig. [6g](#Fig6){ref-type="fig"}).

Epigenetic regulation of *NTRK1* in NB clinical samples {#Sec8}
-------------------------------------------------------

An integrative analysis was recently performed in order to investigate methylomes, transcriptomes, and copy number variations in 105 NB samples \[[@CR33]\]. The genome-wide DNA methylation patterns of 105 NB samples were assessed using the Illumina 450k methylation array. We downloaded methylome data from the Gene Expression Omnibus (GEO) under accession ID GSE73518 \[[@CR33]\] and compared them with those of 145 Japanese NB samples obtained by the same methylation array (Ohira M et al., manuscript in preparation). Strong DNA methylation was observed in the TSS1500 5′UTR region of *NTRK1* promoter P2 (Fig. [7a](#Fig7){ref-type="fig"}, red), whereas the TSS1500 5′UTR region of the *NTRK1* promoter P1 was not strongly methylated (Fig. [7a](#Fig7){ref-type="fig"}, blue). DNA methylation was assessed by the beta values of NB samples. High beta values were detected in the TSS1500 5′UTR region of *NTRK1* promoter P2 in German and Japanese NBs (Fig. [7b](#Fig7){ref-type="fig"}), and higher beta values in promoter P2 were observed in *MYCN*-amplified NBs (Fig. [7b](#Fig7){ref-type="fig"}, *NTRK1* variant 3 −1000, −500, and −300), suggesting *MYCN*-related DNA methylation in *NTRK1* promoter P2. These results were consistent with those obtained from *MYCN*-amplified NB-39-nu cells (Fig. [6](#Fig6){ref-type="fig"}). We assessed *NTRK1* expression levels in NB tumors with or without the amplification of *MYCN*. Microarray probes UKv4_A\_23_P34804 and UKv4_A\_24_P265506 were *NTRK1* data obtained from the German Neuroblastoma Trial \[[@CR33]\]. A_24_P265506 was data obtained from Japanese NB patients (Ohira M et al., manuscript in preparation). In accordance with previous findings \[[@CR28], [@CR34]\], the expression of *NTRK1* was significantly higher in *MYCN* not-amplified NB samples than in *MYCN*-amplified samples (Fig. [7c](#Fig7){ref-type="fig"}). In order to confirm the results obtained in the NB cell line study (Fig. [6](#Fig6){ref-type="fig"}), we performed semi-quantitative RT-PCR for *NTRK1* by using cDNAs obtained from the favorable and unfavorable subsets of NB \[[@CR28]\]. We detected significantly high *NTRK1* expression in favorable NB samples using primers for variants 1/2/3 (Fig. [7d](#Fig7){ref-type="fig"}). The high expression of *NTRK1* was mainly observed for transcript variants 1/2, but not 3 (Fig. [7d](#Fig7){ref-type="fig"}).Fig. 7Epigenetic regulation of *NTRK1* P1 and P2 promoters in NB primary tumors. **a** A heatmap analysis of DNA methylation in clinical NB samples derived from Japan (JPN, *n* = 145, Ohira et al., manuscript in preparation) and Germany (GER, *n* = 105, \[[@CR33]\]. Blue colors denote low levels of DNA methylation, red indicates high levels, and gray represents intermediate levels. Information on the probes is described in the Materials and Methods. **b** Comparison of DNA methylation levels on *NTRK1* promoters in *MYCN*-amplified (MA) and not-amplified (MNA) samples. **c** Total *NTRK1* expression in clinical NB samples derived from Japan (JPN) and Germany (GER). Gene expression levels of *NTRK1* in NB patients with or without *MYCN* amplification were studied using Agilent expression microarrays. UKv4_A\_23_P34804 (CTG GTA CCA GCT CTC CAA CAC GGA GGC AAT CGA CTG CAT CAC GCA GGG ACG TGA GTT GGA) and UKv4_A\_24_A265506 (AGA ACC CAC AAT ACT TCA GTG ATG CCT GTG TTC ACC ACA TCA AGC GCCGG) were data from the German Neuroblastoma Trial \[[@CR33]\]. A_24_P265506 was also studied in Japanese NB samples (probe sequence is same as the UKv4_A\_24_A265506, Ohira et al., in preparation). The sample sizes of *MYCN* amplification and *MYCN* not-amplification NBs were shown. *P*-values were corrected by the Benjamin--Hochberg method. **d** Comparison of *NTRK1* variant 1/2 and 3 expression levels in favorable NB (INSS stage I, and *MYCN* not-amplified) and unfavorable NB (INSS stage IV, age \> 18 m, and *MYCN* not-amplified: samples 9--10; INSS stage IV, and *MYCN* amplified: samples 11--16) using RT-PCR

Discussion {#Sec9}
==========

A large number of genes were previously identified as targets by EZH2 enzymatic/non-enzymatic regulation in tumor biology \[[@CR14]\]. In the present study, we performed a comprehensive analysis of EZH2-target genes and pathways using expression microarrays with NB-39-nu NB cells (Fig. [2](#Fig2){ref-type="fig"}). The *MYCN* gene was amplified and the PcGs EZH2/BMI1/RING1B were strongly expressed in NB-39-nu cells, suggesting its better suitability as a model for EZH2 depletion and the search for target genes (Supplementary Figure [S1](#MOESM2){ref-type="media"}). We examined gene expression using Agilent expression microarrays by means of EZH2 depletion with two EZH2 shRNAs at several time points and found that 84 genes were reproducibly de-repressed (Fig. [2a, b](#Fig2){ref-type="fig"}, and Supplementary Table [S2](#MOESM7){ref-type="media"}, genes with two-fold changes induced with *p* \< 0.05 were selected). We compared de-repressed genes with prognosis-related genes in previous studies by Ohira et al. and Vermeulen et al. \[[@CR27], [@CR28]\]. The relationships among genes with significantly different expression profiles were visualized using a Venn diagram that *NTRK1* is a candidate of the EZH2-targeted gene, which plays important roles in a favorable NB prognosis (Fig. [2b](#Fig2){ref-type="fig"}). The NTRK1 tyrosine kinase receptor was identified in 1991 and subsequently found to encode a high-affinity receptor for nerve growth factor (NGF) \[[@CR35]\]. In NB, *NTRK1* was expressed in favorable NB, and the amplification of *MYCN* strongly suppressed its expression \[[@CR34], [@CR36], [@CR37]\]. The high expression of *NTRK1* was closely associated with favorable risk factors and outcomes in a large, representative population of NB patients, including the *MYCN* status \[[@CR38]\]. However, the exact mechanisms underlying the suppression of *NTRK1* in *MYCN*-amplified NB cells has not yet been elucidated in detail. Although human *NTRK1* maps to 1q21, no mutations or activating rearrangements have been identified in NB \[[@CR3], [@CR39], [@CR40]\]. Several studies have been performed on the *NTRK1* promoter. Chang et al. characterized the human *TrkA* (*NTRK1*) promoter in NB cells using transient transfection. They cloned *NTRK1* cDNA (transcript variants 1/2) and the 5′ upstream genomic region (the promoter P1-containing region, Fig. [6](#Fig6){ref-type="fig"}). Cell-specific and variable transcription in NB cells was recapitulated by the transient transfection of *NTRK1* P1 promoter-luciferase reporter constructs and the regulatory sequences mediating these processes were identified in a 138-basepair region upstream of the transcription initiation region of transcript variants 1/2 \[[@CR31]\]. Iraci et al. investigated SP1/MIZ1/MYCN Repression Complex-related *NTRK1* suppression in NB cells. The MYCN complex recruited HDAC1 to the *NTRK1* P1 promoter region and suppressed the transcription of *NTRK1* \[[@CR41]\]. A recent study reported that MYCN drives neuroendocrine prostate cancer (NEPC) phenotypes and interacts with EZH2 and PRC2 molecules, resulting in an increase in H3K27me3 marks and the transcriptional suppression of androgen receptor-induced genes and PRC2/EZH2 target genes \[[@CR42]\]. In an R2 database analysis, a significant correlation was observed between the expression of *MYCN* and *EZH2* (Kocak-649-custom data set: *r*-value = 0.365 *p*-value = 7.8e−22; SEQC-498-RPM data set: *r*-value = 0.296 *p*-value = 1.5e−11). Our qPCR and western blot analyses also revealed the higher expression of EZH2 in *MYCN*-amplified NB cell lines than in the *MYCN* not-amplified SK-N-SH cells (Supplementary Figure [S1](#MOESM2){ref-type="media"}).

The CpG island promoter methylation of *NTRK1* (*TRKA*) was previously observed in the Promoter P2 region of NB samples by a customized Illumina GoldenGate methylation assay \[[@CR43]\]. Furthermore, the genome-wide DNA methylation patterns of 105 NBs were assessed using the Illumina 450k methylation array and revealed that *NTRK1* is one of the genes downregulated in high-risk patients with concomitant CpG hypermethylation (the P2 promoter region \[[@CR33]\]). Our analysis of 145 NB tumor samples using the Infinium HumanMethylation450 BeadChip Kit also detected the methylation of the *NTRK1* P2 promoter region, but not genome methylation in the *NTRK1* P1 promoter region (Fig. [7](#Fig7){ref-type="fig"}). Our NB cell line-based experiments (Fig. [6](#Fig6){ref-type="fig"}) and NB clinical sample analysis (Fig. [7](#Fig7){ref-type="fig"}) clarified that *NTRK1* transcript variants 1/2 are the *NTRK1* transcripts expressed in favorable NBs and suppressed in *MYCN*-amplified unfavorable NBs. The transcription of variants 1/2 is regulated by the *NTRK1* P1 promoter region, and the P1 promoter region was epigenetically regulated by EZH2-related histone modifications.

This study is the first to show the epigenetic regulation of *NTRK1* expression via EZH2 in NB cells. Further analyses of EZH2-related gene repression in *MYCN*-amplified NB cells will be important for the development of effective therapies for unfavorable NB patients. *NTRK1* transcription may be regulated epigenetically in NB cells by the combination of PRC molecules and genome DNA methylation. The development of EZH2 small-molecule inhibitors may be promising for NB differentiation induction therapy, e.g., in combination with DNA methylase inhibitors. Bate-Eya et al. recently reported that the depletion of EZH2 induced apoptosis in several NB cell lines \[[@CR30]\]. Although the molecules responsible were not identified in that study, we detected *FA*S as an EZH2-depletion-induced molecule (Fig. [2](#Fig2){ref-type="fig"}). The study of apoptosis induction by the inhibition of EZH2 in combination with another inhibitor \[[@CR33], [@CR44]\] will be important for the development of new therapies for unfavorable NB patients.

Materials and methods {#Sec10}
=====================

Ethics statements {#Sec11}
-----------------

The study was approved by the Ethics Committee of the Saitama Cancer Center (approved number 473), and written informed consent was obtained from all patients. All animals were maintained and used for experiments in accordance with the guidelines of the Institutional Animal Experiments Committee of the Saitama Cancer Center.

Cell culture and reagents {#Sec12}
-------------------------

Human NB cell lines were obtained from official cell banks (American Type Culture Collection, Manassas, VA, USA and the RIKEN Bioresource Cell Bank, Tohoku University Cell Resource Center, Miyagi, Japan). The cells were cultured in RPMI1640 (Wako, Osaka, Japan) supplemented with 10% heat-inactivated FBS and 50 μg/ml penicillin/streptomycin (Sigma-Aldrich, St. Louis, MO, USA). Neurite-elongation of NB cells were scored for the presence of neurites longer than one cell in diameter. EPZ6438 and GSK126 were purchased from Funakoshi (Tokyo, Japan).

Western blotting analysis {#Sec13}
-------------------------

Cells were lysed in EBC buffer \[[@CR9]\] or CHAPS buffer (10 mM CHAPS, 50 mM pH 7.5 Tris-HCL, 100 mM NaCl, 10 mM MgCl~2~, and 1 mM EDTA) for the immunoblotting of NTRK1, and protease/phosphatase inhibitors were added to the buffers \[[@CR9]\]. Western blotting experiments were performed as previously reported \[[@CR45]\]. After being transferred to an Immobilon-P membrane (Millipore, Billerica, MA, USA), proteins were reacted with anti-EZH2 rabbit polyclonal antibody (Millipore 07--689), anti-BMI1 mouse monoclonal antibody (Millipore 229F6), anti-RING1B antibody \[[@CR46]\], anti-trimethyl-Histone H3 rabbit polyclonal antibody (Millipore 07--449), histone H3 rabbit polyclonal antibody (Abcam ab1791, Cambridge, United Kingdom), anti-TrkA (NTRK1) rabbit monoclonal antibody (Cell Signaling Technology 14G6, Beverly, MA, USA), or anti-β-actin antibody (Sigma-Aldrich).

Lentiviral gene transduction {#Sec14}
----------------------------

shRNA plasmids, including TRCN0000018365 (shEZH2-1), TRCN0000010475 (shEZH2-2), and the pLKO.1-puro control vector (shCont), were from the MISSION^(TM)^ shRNA Library (Sigma-Aldrich). The method of shRNA/lentivirus preparation was described as previously \[[@CR9]\]. Thereafter, 1 × 10^5^ NB cells were seeded on each well of a six-well plate, and infected by lentiviral-conditioned media with 4 μg/ml polybrene (Sigma-Aldrich).

Semi-quantitative RT-PCR {#Sec15}
------------------------

A semi-quantitative RT-PCR analysis was carried out as described previously \[[@CR45]\]. Total cellular RNA extraction was performed using ISOGEN II (Nippon Gene KK, Toyama, Japan). cDNA was synthesized from 2 μg total RNA. Primer sequences are described in Supplementary Table [S4](#MOESM9){ref-type="media"}. RT-PCR results are representative of at least three independent experiments. Band intensities were quantified with ImageJ software (<https://imagej.nih.gov/ij/index.html>). Normalization was performed using the band intensity of the internal control *GAPDH*.

qPCR analysis {#Sec16}
-------------

A qPCR analysis was performed as described previously \[[@CR9]\]. The primers used for qPCR were designed by Primer Express® Software v3.0.1 (Thermo Fisher, Waltham, MA, USA). The primer sequence is indicated in Supplementary Table [S4](#MOESM9){ref-type="media"}. Results are representative of at least three independent experiments.

Tumor formation in nude mice {#Sec17}
----------------------------

For tumor formation, 5-week-old female athymic BALB/c AJcl nu/nu mice (CLEA Japan, Shizuoka, Japan) were injected with 1 × 10^6^ NB-39-nu cells into the femur as described previously \[[@CR9]\]. Tumor volume was evaluated every 4 days.

Pathological analysis {#Sec18}
---------------------

Pathological analysis was performed on formalin-fixed, paraffin-embedded tumor tissue sections. Immunostaining for NTRK1 was performed using rabbit monoclonal anti-NTRK1 antibody (EP1058Y; Abcam, 1:500 dilution) in Bond-Max autostainer (Leica Biosystems, Wetzler, Germany). Antigen retrieval was performed using Bond Epitope Retrieval Solution 2 (Leica Biosystems) at 100 °C for 10 min.

Transcriptome and pathway analyses {#Sec19}
----------------------------------

RNA was extracted at two time points, 8 and 11 days after shEZH2-expressing lentiviral infection, and a microarray analysis was performed using the Agilent platform of 8 × 60 K design ID G4851B (Agilent Single Color. 39494, Agilent Technologies, Santa Clara, CA, USA). Two hundred nanograms of total RNA was labeled with Cyanine3 using a Low Input Quick-Amp Labeling Kit (one color, Agilent Technologies) according to the manufacturer's instructions. Differentially expressed genes (DEG) were defined by *p*-values in the moderated *t*-test of \<0.05 after Benjamini--Hochberg corrections and fold changes of \>2 or \<0.5. Subsequent gene annotation was conducted by GeneSpringGX.

NTRK1 knockdown by siRNA {#Sec20}
------------------------

The small interfering RNAs targeting *NTRK1*, S9746 (siNTRK1-1), and S9747 (siNTRK1-2) were from Thermo Fischer. For transfection, Lipofectamine RNAiMAX Transfection Reagent (Invitrogen) was used according to the manufacturer's protocol. Reverse transfection was performed when plating 5 × 10^4^ NB-39-nu cells on six-well plates and, after a 24-h culture, forward transfection was performed. A total of 5 pmol siRNA was used for each transfection.

Quantitative ChIP assay {#Sec21}
-----------------------

Quantitative ChIP assays were performed as described previously \[[@CR47], [@CR48]\]. Cross-linked chromatin prepared from the indicated cells was precipitated by normal rabbit IgG (Wako 148--09551), an anti-EZH2 rabbit polyclonal antibody (Millipore 07--689), or anti-trimethyl-Histone H3K27 rabbit polyclonal antibody (Millipore 07--449) with Protein G Sepharose 4 Fast Flow (GE Healthcare, Chicago, IL, USA). The primers used in the present study are indicated in Supplementary Table [S4](#MOESM9){ref-type="media"}. Each series of experiments was conducted at least three times.

Bisulfite treatment and bisulfite sequencing {#Sec22}
--------------------------------------------

The bisulfate modification of genomic DNA was performed as previously described \[[@CR49]\]. Primer sets for bisulfite sequencing in the promoter regions of the *NTRK1* variants 1/2 and 3 were as follows: variants 1/2, 5′-ATTAGTTTTTTGTTGTTTTGGGTGT-3′ and 5′- TCAAATCTCAACTTCAATCCCTAAC-3′, and variant 3, 5′- GTAGTTTTTTTGTTTTTTTGTGGGT-3′ and 5′- CTAAATAAAACCCCTAACCCCTATC-3′.

DNA methylation assays {#Sec23}
----------------------

A DNA methylation analysis was performed using the Infinium HumanMethylation450 BeadChip Kit (Illumina, San Diego, CA, USA). Probes for the *NTRK1* P1 region (−1000, −500, and −300) and P2 region (−1000, −500, and −300) were (cg25630380, cg10811945, and cg00626119) and (cg03438943, cg10981464, and cg26428727), respectively. We will submit the whole Infinium data of Japanese 145 NBs (Ohira et al., manuscript in preparation). *β* values in the *NTRK1* region will be provided upon request.

Availability of data and materials {#Sec24}
----------------------------------

The data sets supporting the conclusions of this article are available from the National Center for Biotechnology Information's Gene Expression Omnibus (GEO) and are accessible through GEO accession numbers GSE98642.
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